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Abstract: 
The introduction of the surface plasmon polarizations makes the emittance of the photocathode 
complicated. In this paper, the emittance of plasmon-enhanced photocathode is analyzed. It is first 
demonstrated that the plasmonic near field can increase the emittance of the plasmon-enhanced 
photocathode. A simulation method has been used to estimate the emittance caused by plasmonic 
near field, and the suppression method also has been discussed, both of which are significant for 
the design of high performance plasmon-enhanced photocathode. 
 
1. Introduction 
 With the virtue of prompt response (ps-fs), high brightness, and low emittance etc., the 
photocathode has becomes a significant enabling technology for the 4
th
 generation light sources 
and advanced accelerator and electron microscopy technology, such as X-ray free electron laser, 
inverse Compton scattering sources, energy recovery linac, and dynamic transmission electron 
microscopy etc [1-3]. The metal photocathode has been researched for a long time and used in 
many facilities, due to its virtue of high brightness, long lifetime, and low cost. And it has been 
indicated that it holds great promise to eject a uniform 3D ellipsoid electron bunch with only 
linear internal space charge fields because of its ultrafast response characteristic, which is an ideal 
distribution for a high-brightness FEL operation [4-6]. But, in order to ensure a high photoemission 
yield, the metal photocathode usually needs to be pumped by high power ultraviolent laser, which 
undoubtedly increases the demand and cost for the drive laser [7]. 
In recent years, the plasmon-enhanced photocathode (PEP) attracts more attentions, which 
introduces the surface plasmon polarizations (SPPs) to enhance the interaction between laser and 
materials [8]. With the help of SPPs, this kind of photocathode has the potential to yield much 
more electrons than traditional metal photocathode [9-11], and it can operate with longer 
wavelength laser, which reduces the demand of drive laser system [7, 12]. Moreover, it has longer 
lifetime, lower vacuum requirement, and relatively more mature preparation technology than some 
high quantum efficiency semiconductor photocathodes. 
However, emittance is also a vital parameter for the usefulness of electron sources in many 
applications [13-18]. When the surface plasmon polarizations (SPPs) are introduced into the 
photocathode, the emittance of the bunch increases [12], and the mechanism of which becomes 
complicated and unknown. All of these will restrict the development of high performance 
plasmon-enhanced photocathode [19]. 
In this paper, based on the theory of SPPs, we research the influence of SPPs on the emittance 
of PEP. And a plasmon-enhanced photocathode excited with square hole array has been designed 
to operate at 532nm. Using this PEP, we demonstrate and research the influence of plasmonic near 
field on the emittance. 
 
2. Characteristics of Plasmon-enhanced photocathode 
The process of photoemission can be broken up into three steps: (1) photon absorption and 
conversion between photons and excited electrons, (2) electron transport to the surface, and (3) 
crossing the metal-vacuum barrier. When the SPPs are excited, the couple between the electron in 
the conductor and the pumping electromagnetic wave will be enhanced, contributing to a dramatic 
increase in the metal’s absorption. Moreover, the electric magnetic field near the interface will 
redistribute, presenting field localization and enhancement. This will improve the energy 
conversion and reduce the travel distance of the excited electrons. So the introduction of the SPPs 
can effectively enhance the photoemission of metal photocathode. 
 
Figure. 1 The schematic diagram of surface plasmon polarizations[20]. 
  In photoinjector, the cathode is usually powered by a laser beam of plane wave, in which the 
electrons emitted by the cathode can gain no net energy (Lawson-Woodward) [21]. However, with 
the introduction of SPPs, the electromagnetic field near the dielectric-vacuum interface will be 
distributed, and an enhanced plasmonic near field (PNF) will appear and decay exponentially 
perpendicular to the interface [22, 23]. Take a flat interface for example, as shown in Fig. 1, the 
propagating wave solutions can be given as Formulations (1)-(3) by solving Maxwell’s equations.  
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Where A is a constant, εm and εd are the dielectric constants of the metal and the dielectric 
respectively, ω is the frequency of the pumping electromagnetic wave, β = kx is the wave 
vector in the direction of propagation, k1 is the wave vector perpendicular to the interface in the 
media of the dielectric. Based on the electric magnetic wave solutions (1)-(3), the plasmonic near 
field contains the electric field component Ex and magnetic field component Hy, presenting 
periodic distribution along the interface with the wavelength of 
2π
β
. Because every electron 
emitted from PEP need to go through this area, it maybe bring in extra transverse momentums to 
the electrons, degrading the quality of the beam. 
 
3. Demonstration of the emiitance increasing effect of PNF 
 
Figure 2. The structural diagram of the Plasmon-enhanced photocathode (a) and its SPPs excitation spectrum 
(b). 
In order to demonstrate whether the surface polarization field of the plasmon can influence the 
emittance of the bunch, we take a periodic square hole array to excite SPPs and use the CST 
Studio to simulate it. Figure 2 a) shows the structural diagram of the photocathode which made of 
Au, the structural parameters are shown as following, a =b=240 nm, h=300 nm, p=755 nm. When 
the incident laser of 800 nm is irradiated on the surface of the PEP with p polarization 
perpendicularly, the SPPs are excited successfully, and the photocathode presents an abnormally 
enhanced absorption of the incident laser which is close to 90%, as shown in Fig. 2 b). With the 
excitation of SPPs, the plasmonic near field especially close to the surface of photocathode 
presents a periodic distribution, and aligns with the periodic structure of the photocathode. Figure 
3 is the simulation results of the plasmonic near field distribution. Figure 3 a) is the electric field 
component distribution of PNF, Fig. 3 b) is its magnetic field component distribution. Because of 
the p polarization incident laser and its electric field component oscillating in the XOZ plane, the 
plasmonic near field does not contain the electric field component in Y direction and the magnetic 
field component in X direction. So if the plasmonic near field has an effect on the transverse 
momentum of the bunch, it maybe only influence the velocity of the electron in X direction, that is, 
it will only influence the transverse phase-space distribution in X direction. 
 
Figure 3. The plasmonic near field distribution of single cycle structure of the array: a) distribution of electric field 
components, b) distribution of magnetic field components. 
The transverse phase-space distributions of the bunch shown in Fig. 4 are simulated by the 
Tracking module of the CST Particle Studio. In the simulation, we assume the electrons are 
emitted from the entire surface uniformly without any initial energy. The electrons emitted from 
the photocathode are accelerated by a 10 MV/m launching field directly. Figure 4 a) and b) 
respectively present the transverse phase-space distributions of the bunch at X and Y direction 
when the SPPs are not excited. Due to the symmetrical cathode structure and static electric field 
distribution, the transverse phase-space distributions at X and Y are the same. The spikes in the 
transverse phase-space result from the distorted static electric field, which is caused by the 
periodic holes. When the plasmonic near field is introduced, the transverse phase-space 
distributions of the bunch at X and Y direction are shown in Figure 4 c) and d), respectively. The 
plasmonic near field is excited by the incident laser of 0.01 GW/cm
2
. Compared Fig. 4 d) with b), 
we can find that, the plasmonic near field has little effect on the transverse phase-space of the 
bunch at Y direction. But the transverse phase-space at X direction shown in Fig. 4 c) presents 
cyclical fluctuations, which is obviously different with Fig. 4 a). In the simulations, the electrons 
always are emitted uniformly and have no initial energy, so the difference of the transverse 
phase-space distributions is just caused by the plasmonic near field, which demonstrates that the 
plasmonic near field can increase the emittance of the bunch. 
 
Figure 4. The transverse phase spaces of the bunch in different situations: a) the transverse phase-space distribution 
at X direction without PNF, b) the transverse phase-space distribution at Y direction without PNF, c) the transverse 
phase-space distribution at X direction with PNF, d) the transverse phase-space distribution at Y direction with 
PNF. 
4. Calculation and Analysis of the emittance increased by PNF 
Because the PNF above the surface of photocathode decays with an exponential way, its 
influence on the beam quality will just occur in a limited area close to the surface of the cathode. 
So it is not only related with the characteristics of plasmonic near field, but also connected with 
the movement characteristics of the electrons in this area which are determined by the launching 
electric field, roughness, and electrons’ initial velocities, etc. The emittance growth factor can be 
given by doing statics of the phase spaces with and without plasmonic near field, which is shown 
as formula (9). 
η =
εWith SPPs−X or Y
εWithout SPPs
                               (9) 
where εWith SPPs-X or Y is the projected emittance of the bunch at X or Y direction with the 
introduction of PNF, εWithout SPPs is the projected emittance of the bunch without PNF. Due to the 
symmetry, the projected emittance εWithout SPPs can be obtained as 
εWithout SPPs = εWithout SPPs−X = εWithout SPPs−Y. Figure 5 presents the emittance growth factors 
of the square hole array PEP with different launching fields (10-30 MV/m). The plasmonic near 
fields imported in the simulations are excited by the incident lasers of 0.1-0.6GW/cm
2
. In the 
whole simulation, we assume the electrons emitted from the surface of the photocathode are 
uniform, and their initial energy is constant. Figure 5 shows that the projected emittances at X 
direction are apparently larger than those at Y direction. The projected emittances at X direction 
changes with the increase of the incident laser power density, but those at Y direction are almost 
constant, which are accord with the analysis of Fig. 4 c) and d). 
 
Figure 5. The emittance growth factor of the square hole array PEP. 
In order to study the emittance caused by PNF, we need to separate it from the whole emittance. 
Compared the two simulations, the difference between them is whether introducing the plasmonic 
near field. For the situation without PNF, the emittance of beam can be written as formula (10), 
which contains intrinsic thermal emittance and the part caused by roughness of the cathode. When 
the PNF is introduced, the emittance mainly contains three parts: the intrinsic thermal emittance, 
the emittance caused by roughness, and the emittance caused by plasmonic near field, which can 
be given by formula (11). 
εWithout PNF = √εIntrisic
2 + εRoughness
2                   (10) 
εWith PNF = √εIntrisic
2 + εRoughness
2 + εPNF
2                (11) 
Where εRoughness is the emittance caused by the roughness, εPNF is the emittance caused by the 
introduction of the plasmonic near field. Because the same electron emissions are assumed in the 
two simulations, both of the intrinsic thermal emittances can be written as εIntrisic. Combined the 
formula (10) and (11), the emittance caused by the plasmonic near field can be obtained by 
formula (12) 
εPNF = √εWith PNF
2 − εWithout PNF
2                       (12) 
To evaluate the emittance εPNF under different operating conditions, the ratios εPNF/εWithout PNF are 
calculated and shown in Fig. 6. Compared with the emittance εWithout PNF, the emittance εPNF 
caused by plasmonic near field is very large and cannot be neglected especially under a lower 
launching field, which implies that the introduction of the plasmonic near field is one of the 
important factors leading to the increase of the emittance of PEP.  
From Fig. 6 a), it can be found that the emittance caused by PNF can be modulated by the 
operating conditions, such as launching field gradient, the density of the laser power, etc. Due to 
the limited area of the PNF, an increasing launching field gradient can reduce the time that 
electrons spend in this area. It will weaken the influence of the plasmonic near field on the 
movement of electrons, reducing the emittance εPNF, which is found consistent with results in Fig. 
6. As the strength of the PNF increases with the incident laser power density, the electrons will 
spend more time in PNF area and obtain more transverse momentum, resulting in the increase of 
the emittance εPNF. But, when the electrons spend longer time than half oscillation period of the 
field in this area, the electrons’ transverse momentum will be decreased by the reversed plasmonic 
near field. So the emittance εPNF presents saturation and even decrease at last, which allows the 
PEP operating with an acceptable emittance under a high power laser. 
Although the increasing launching field can reduce the emittance εPNF, Figure 6 b) shows it 
does not decrease linearly with the increase of the launching field gradient. It is because the 
locally distorted static electric field caused by the micro-structure of the array has transverse 
components. With the increase of the launching field gradient, the increasing transverse 
components can prolong the time that electrons spend in the PNF area, enhancing the influence of 
the PNF on the emittance of the beam. So the size of the micro-structure for the excitation of SPPs 
should be smaller so that the transverse component of the locally distorted electric field is lower, if 
we want to suppress the emittance εPNF of PEP by operating with a higher gradient launching field. 
 
Figure 6. a) The ratio εPNF/εWithout PNF of the square hole array PEP under different launching fields and laser power 
density, b) the saturation value of εPNF/εWithout PNF under different launching fields. 
 
5. Conclusion 
In conclusion, analytical and numerical investigations about the effect of plasmonic near field 
on the emittance of PEP have been performed. It has been concluded that the introduction of PNF 
can aggravate the quality of the beam，and is an important factor resulting in the increase of the 
emittance. A simulation method has been proposed to estimate the emittance εPNF, which can be 
extended to optimize the emittances of other PEPs. It has been found that the emittance εPNF will 
increase with the incident laser power density but finally present saturation, which allows the PEP 
operating under a high power laser and ensures its high yield applications. Moreover, the research 
denotes that a higher launching field can suppressed the emittance εPNF especially when the SPPs 
are excited with a smaller micro-structure array. 
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